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HIGH-STRAIN-RATE COMPRESSION AND FRACTURE OF B4C-ALUHINUM CERIIETS

K.R. BLUMENTHAL

!la~erials Science and Technology Division
Los Alamos National Laboratory
Los Aiamos, ?Jew!lcxico 9T5L5, U.S.A.

The compressive behavior of liquid-mer~l infii~rated boron carbide-aluminum
cer:t~ets were studied as a r“uncrion of strain race, composition, and
microstructure. Nopkinson split pressure bar (HSPB) .zndquasi-static
ccmpx”ession tests were :anti~cced using dumb-bell-shaped specimens. Results
sh~wed cermet compressive strength to be independent of loading rate.
Strength was izlscI f<mnd to be independent of the aluminum alloy used to
infi.ltracepre-sincered 65 VOIB B4C pre-forms. Compositions with the
smallest phase size displayed the best strength and ductility.

I. INTRODUCTION

Light-weight cermats (ceramic content > 50 volume %) for armor applications
have been of interest fur over 20 yefirs [1,,2], These efforts have cul-
minated in the ,nchlevernvntof major breakthroughs in the processing of
boron carbide -,lluminurnand al~lm~numoxide-aluminum cermets with ceramic
c-ontcnts over 65 vol% with!.n the last five years [3-6]. Characterization
ot the mechanical response of these cerrnets is considered to be an
important input r,otheir further clcvclopmcnt and optimization. However,
most cf the interest in these materials has been devoted to mcasurlng ~nd
mo(l~tlli~lgtheir fr;lct.uretoughness and tensile strength [7-9].

$lonollthic u.crnmic tensile failure is typically preceded by oxtrcmcly
lncalized prrmnnunt dcfo~mi~tiorl :Issociateclwith the initiation iiltcl/or

~)ropagation of ,1smnll ,Iumherof flaws. Hence, t:nsile fn~.lurowill he
(Icpcndcnt on the r.~teof loading on!y when it is high enough to l.nfiucncc
!l~cdnmlnant. crack inirtaLioII and/or crack propagation mechunism [10], ll~i:;
is in contrnst to the oriy,il;sof rnte [Icpvndcnco in ductile met.lls whlcl)
.Irorvlnlod to mlcrostl”~lcturoilvoltlt Ion i]i~(l [ho kinct,ics of dof’orm;lt10I]
Illi’f”tldlllsin:;(~i~:motsC-111*lXtlIt)l L Illoil!illl”ilbl(t }l(~l”lllilflcllt. doformll[foilprior (I)
f:lil{lrv111I)oth t{~n:;ioll;Illfli.~)mpr,,ss;l(}llwtll~”llm;lvho ,lssocl;l(odwl[l)

ini(-l”()(”ril(’p. ((l:ll:,;l~,() ) d(~f”lllllll]il!1(111. 111111(-(’(.4’rm(~t[’ompr(~sslvcst1“1~11~,111m.lv
,,xl)il)~”I)ov!.!I;!r,liII1-It1,(It,[)t,lvlvllro

Tt]l’l)rim:lr.~io(QII..I)!IIli:;work w;I:;to (Iv[rrminu rho III!LIIIIIILt(~II!
111”1~1’(*f;Iiill}J,v:tll:ltll(’”:Ii II IIIi I“ro:il I“II1OIIIr I1 .III(I ti(]ml)o:i I t !OII) 1)11 I I)(I
!.!,IIIIII,(J,;,; I ,.J,) 1)(.!l;~.,j,)lof l!,illi{!Ilil,:;llIll!{I:1,1!11,1I)orori”I.;II”})I(II,;lllunl:)ilm
l,,,l”lpl.t .; ,1’; ,1 fill), t l,)!) (,! ‘.:l.l ill 1“;11(,

PI,I’I,II! 1’: IIl,,lt, II I’:., ‘111,11 II,III,vt(l .II I l,m~)! ,, f I) I’111 I-II I,IICI f 1111 tt)mlltt,,,,oi 1:1,



behavior of monolithic ceramics with their ballistlc performance [11].
These studies emphasize the nece’~icv for reliable materials property
measurements obtained usil.i : f-( n an(!ballistic test methods,
Quasi-static comp~essio’ - :.~i”!- 1 materials ha.<econtinued
to evolve.up co the preser ,12,13]. lc fldS b~cll recognized in these
stuaies that tensile stresses can readily develop at specimer, interfaces
for a -:ariety of reasons and can therefore control the measured failure
strengcil. A proven method for minimizing these interface effects is to use
a reduced-gage-sec~ion (dumbbell-shaped) specimen [1L,15]. The present
study extends che use of the dumbbell-shaped specimen to the high strain
race regime.

11. HATERT.ALS

Four series of cermets were fabricated at the University of Washington by
infiltrating liquid aluminum into partially sintered boron carbide pre-
forms [4]. Fabrication variables included: phase volume fraction, phase
size, and metal phase composition. B4C volume fractions of 65% and 80% were
studied and represent practical boundaries for strong, yet open porosity
pre-forms. Average pIlasesizes of 2.4 and 6.3 microns were measured for the
A1 and B4C, respectively, in a “fine-grained” 65 vo10 B4C-pure Al series.
A “coarse-grained” version contains average phase sizes of 21 and 47

microns for the Al and BLC, respectively. Finally, two series of ceimets
were made by infiltrating either pure aluminum or 7075 aluminum alloy Lnto
65 vol% B4C pre-forms. All cermets tested were nominally fully dense (less
than 2B porosity),
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tests wrre corlciuctrd~lsinga sc~ll(:d-downversion of the dumbbt)ll.shaped



Hopkinson split pressure bar tests were conducted using 12.5 mm diameter,
350 ksi yield strength, maraging steel bars at a ncminal strain rate of 103
‘1 Specimen stress was calculated from the transmitted bar in thes.

c~nventional manner as the product of the bar stress and the ratio of bar-
Eo-specimen cross-sectional areas. High band-width (> 3 ,F!Hz)strain gage
amplifiers and digitizing oscilloscopes were used with a sampling rate of
10j points/see.

Two types of experiments were conducted dynamically: 1) fracture
strength and 2) recovery tests. Recovery tests were used to determined
yield points and fracture strengths more precisely.

c. QL’ASI-STATIC COMPRESSIO,V

Quasi-static compression tests were conducted using an Instron Model 1125
testing machine fitted with a precision-machined sub-press. Specimens were
aligned in a precision V-block with rungstcn carbide loadin-~ rays at each
end. Testing was performed at a nominal strain rate of 10 s- . Specimen
strain was obtained in the same manner as with the HSFB, but at a sampling
rate of 10 poinCs/sec. and with direct synchronize ion of the load record.

D. DATA F!!DUCTIO,V

Quasi-static compression tests were analyzed by calculating the average
specimen srr:.inand the bending stress resulting from load eccentricity.
The bending stresses wore between 58 to 20% of the compressive stress.

In order to analyze the HSPB tests, tho bar and specimen records must
I]esynchronized. Recavery tests were used to determine the proper time
adjustment between the records to within a few tenths of a microsecond.

IV. RE:;ULTS



modulus, Mechanical moduli (stress/total strain) at an arbitrary strain of
1% 1s plotted along witi, rhe ultrasonic values (zero strain) and the
predictions from laminate composite theories (Voigt and Reuss) in Fig. 2.
Isotropic composites generally behave as the average of Reuss and Voigt
solids as exhibited by ti,eultrasonic values. However, under compre~sive
strain, the modulus is observed to decay towards the value of a Re~ss
solid. In the case of the 65 volg B4C cermets the decay is complete tu the
RPIJSSvalue (a bounding condition). Recovery tests show that this behavior
is reversible. A simple analysis (Poisson’s ratio and stress concentration
effects are neglected) of the individual phase strains is den:onstrated in
Fig, 3 by assuming the 65 VOL% B4C-A1 cermets behave as Reuss solids and
the 80 vol% B4C-A1 cermet behaves as a Reuss.Voigt-average solid. This
analysis indicates that the average elastic strain supported by the
al’minum phase is quite high (> 3%) for the 2.5 micron Al phase size
cermets prior to the composite yielding. However, the coarse-grained 65
vol? B4C-A1 cermer (11 micron Al phase size) only supports 2% strain in the
aluminum phase. The reasons for this phase size effect on the strength are
not clear. Fig. L, a plot of log strength versus log phase size, indicates

that neither phase exhibits Hall-Petch behavior. Undoubtedly the aluminum
phase is being constrained by the rigid B4C structure which significantly
increases its flow strength as observed in tension loading [17]. Perhaps
this constraint is sensitive to the A1 phase size or strength of the B4C.

Fractography of failed specimens show fracture angles of between 25 to
LO degrees from the compression axis (3S degrees is typical). A previous
investigation [18] discovered networks of microcracks intersecting the
fracture surface of the fine-grained compositions Impiying that the yield
behavior is related to damage accumulation. Sliding damage on several
planes also su~gested multiple sources of failzre initiation. However,
failure of the lower strength, coarse-grained cermet did not show sliding
striations or coalesced microcracks implying little damage accumulation or
aluminum flow occurs during failure,

‘~.CONCLUS1ONS

The I{SPR technique posstqssos distinct adv.-ntages: 1) high time resolution
[(1,1 microsecond) permits detail:;of the failure to be observed. 2)
(Jcccncr[city (misaliglvncnt) ;lppearsto be somewhat lower due to the high
rate of load applic;ltlon. 3) The amplitude and duration of applied load
c.inbe prcciscly controlled allowing for iterative (reccvery) testing.

The comprcssi~c buhavior of liquid-metal infiltrated boron carbide-
nluminum cermcts were studlec!as a function of str,ain rate, composition,
;l~]timicrostructure. RGsults sl~owedcermet comprr:;sive s~rength to be
i II(lIIl)C*II(lrIIIt of 1oI(1I n~, rnuc StrrnKth wns nlso Iound to ho independent of
:11~1;llum[nurn alloy II:;(I(I [0 illlilt~;lto pro-sintoro(I h’) volt B~)Cpre-forms.
l;(~mpt):;i[ions wll.h tllosm:~ll~,:;t[lI),I:;l?slzc (IjothBt$(;;II~tlAl) dfs~lily~d t.hcI

}Iiy,t)(’s(.srr(,IIy,[h;IINIIIIICIil[[’~,’
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FIG. 1 Compressiori stress-strain curves.

FiG. 2 Es?!?=: me::r:~~ .I::d 13.~:;!a~e rheory predictions of cermec modulus as a

f composition.‘tinccion o..

FIG. 3 Aldminan ?hase strain analysis assuming laminate theory versus
cermec strain.

FIG . 4 Power-1aw depe~dence of c*$I? compressive srrengch on constituent

phase size.



UNIAXIAL COMPRESSION
ALUMINUM–INFILTRATEDBORON CARBIDE CERMETS
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COMPRESSIVE STRENGTH VS PHASE SIZE
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